ABSTRACT: A method for the measurement of proton T 1F relaxation times in unlabeled proteins is described using a variable spin-lock pulse after the initial nonselective 90°excitation in a HOHAHA pulse sequence. The experiment is applied to R-bungarotoxin (R-BTX) and its complex with a 25-residue peptide derived from the acetylcholine receptor (AChR) R-subunit. A good correlation between high T 1F values and increased local motion is revealed. In the free form, toxin residues associated with receptor binding according to the NMR structure of the R-BTX complex with an AChR peptide and the model for R-BTX with the AChR [Samson, A. O., et al. (2002) Neuron 35, 319-332] display high mobility. When the AChR peptide binds, a decrease in the relaxation times and the level of motion of residues involved in binding of the receptor R-subunit is exhibited, while residues implicated in binding γ-and δ-subunits retain their mobility. In addition, the quantitative T 1F measurements enable us to corroborate the mapping of boundaries of the AChR determinant strongly interacting with the toxin [Samson, A. O., et al. (2001) Biochemistry 40, 5464-5473] and can similarly be applied to other protein complexes in which peptides represent one of the two interacting proteins. The presented method is advantageous because of its simplicity, generality, and time efficiency and paves the way for future investigation of proton relaxation rates in small unlabeled proteins.
NMR 1 relaxation times are influenced by the global tumbling of the molecules as well as by local motions. Such relaxation times include the longitudinal relaxation time (T 1 ), commonly called the laboratory frame spin-lattice relaxation time, the transverse relaxation time (T 2 ), also known as spinspin relaxation, and the spin-lattice relaxation time in the rotating frame (T 1F ) characterized by the decay of magnetization spin-locked by a radio frequency field (ω 1 ) γB 1 ) applied in a manner that is perpendicular to B 0 . Relaxation of the transverse magnetization in the laboratory frame (T 2 ) and the longitudinal magnetization in the rotating frame (T 1F ) also depend on conformational and chemical exchange.
The efficiency of the relaxation by dipole-dipole interactions, chemical shift anisotropy, and scalar interactions, all of which are major contributors to relaxation, depends on the correlation times of the nuclei that are involved. Protein residues involved in secondary structure usually exhibit T 2 and T 1F values that are determined mostly by the overall tumbling rate of the molecule. Flexible regions and the unstructured segment of the protein exhibit T 2 and T 1F values that are typically higher than those exhibited by rigid segments (1) (2) (3) . Ligand binding is often accompanied by altered flexibility of the domains involved in binding, changes that effect local flexibility and therefore can be probed by T 2 or T 1F measurements. Thus, measurements of T 1 , T 2 , T 1F , and NOE can provide insight into the dynamics of proteins in solution and changes occurring upon ligand binding.
Studies of dynamic processes by NMR have traditionally focused on measurements of the relaxation parameters of 15 N and 13 C nuclei bonded to 1 H using isotope-labeled proteins. Proton relaxation times in unlabeled proteins have not been investigated as thoroughly. This can be attributed to several factors, including the difficulty in measurements and data analysis due to spectral overlap. It is also difficult to interpret the T 2 and T 1F data and analyze the type and time scale of motions contributing to relaxation because each proton may relax through several different pathways such as scalar couplings and dipole-dipole interactions with multiple nearby protons (4) . Nevertheless, several laboratories measured proton relaxation in proteins. Bodenhausen and co-workers (5-7) described several different experiments for measurements of longitudinal and transverse relaxation times of selected protons. These experiments enabled accurate determination of relaxation times of specific protons. However, it was impractical to apply these 1D experiments for measurements of a large number of protons. Arseniev and co-workers successfully measured T 1 relaxation times for most of the protons of a small 15-residue peptide gramicidin using a series of inverse-recovery (IR) 2D COSY experiments (8) . In this method, H N , H R , H , and methyl protons were classified into groups with distinctive longitudinal relaxation times. Instead of using a series of 2D measurements with variable intervals during which the magnetization recovers to thermal equilibrium due to longitudinal relaxation, Kay and Prestegard suggested the use of a single 2D "accordion" experiment (9) . In this experiment, T 1 values were extracted from the line shapes of crosspeaks as described in detail by Bodenhausen and Ernst (10, 11) . Using such a T 1 -accordion COSY experiment, the location of divalent ion binding sites in the acyl-carrier protein was determined on the basis of relaxation time enhancements following paramagnetic ion replacement (12) . In this method, however, not all proton relaxation times were assigned quantitatively. Employing 1D-inverse-recovery experiments, longitudinal relaxation times of amide protons were also measured in a protein that was highly deuterated to prevent relaxation through spin diffusion (13) . A method for monitoring DNA rigidity by determining the T 1F relaxation times of nucleotide protons was described by Wang et al. (14) . Several 1D experiments consisting of a 90°pulse followed by a variable-length SL were acquired to determine the relaxation values. Schmitz et al. (15) and Kennedy et al. (16) also utilized the rotating frame spin-lattice relaxation to address DNA mobility. T 1 and T 2 relaxation rates were measured using conventional 1D IR techniques and CPMG experiments. Proton T 1F relaxation has been utilized to determine internal mobility in glycylglycine (17) , enkephalin (18) , and cyclic peptides (19, 20) . Recently, Schleucher and Wijmenga suggested the use of off-resonance ROESY experiments in detecting internal motion in unlabeled proteins on the 100 ps time scale (21) . A series of off-resonance ROESY experiments were applied on BPTI and revealed internal motions of 75 individual long-and short-range H-H vectors. Torchia and co-workers used amide proton T 1F measurements in uniformly 15 N-labeled HIV-1 protease to study millisecond time scale motions (4). To reduce the extent of cross-relaxation and obtain a relatively larger contribution to relaxation from exchange, the protease was uniformly deuterated, thus suppressing most of the crossrelaxation pathways (4) . While the multitude of methodologies presented in the aforementioned studies underlines the importance of proton T 1F measurement, the 1D methods that were used for unlabeled proteins are hopelessly incapable of assessing larger proteins. These studies therefore advocate the need for a simple and general 2D technique by which the T 1F of all residues in a relatively large macromolecule (<12 kDa) could be determined without requiring isotope labeling.
The nicotinic acetylcholine receptor (AChR) is a ligandgated cation channel that is activated upon binding of the neurotransmitter acetylcholine (ACh). It is a 290 kDa membrane glycoprotein consisting of five homologous subunits, Rδ Rγ (22, 23), with two ACh binding sites formed at the R-δ and R-γ subunit interfaces (24) . The R-subunit of the muscle AChR (R1) also contains a high-affinity binding site for antagonists such as R-bungarotoxin (R-BTX) (25) . R-BTX is a 74-amino acid, 8 kDa R-neurotoxin derived from the snake venom of Bungarus multicinctus. It binds strongly to the postsynaptic muscle AChR with an IC 50 value of 3.5 × 10 -10 M (26), competitively inhibiting ACh binding and thereby blocking neuromuscular transmission. Synthetic peptide analogues corresponding to a linear segment of the R-subunit form tight complexes with R-BTX (26-32). The structure of an AChR peptide in complex with R-BTX, a complex containing a total of 99 amino acid residues, was determined using homonuclear 2D NMR (33) . The overall structure of the toxin consists of a three-finger motif with a C-terminal tail. The AChR peptide folds into a -hairpin which associates with the triple-stranded antiparallel -sheet core of the toxin to form a five-stranded intermolecular -sheet. The formation of intermolecular hydrogen bonds together with multiple hydrophobic interactions and cation-π interactions account for the high affinity of the toxin for the AChR peptides. The off-rate of a peptide comprising residues R W184-R D200 of the AChR was found to be 1.1 × 10 -4 s -1 (34) [R-BTX and AChR residues are designated by a superscript B and R (i.e., B X or R X), respectively, before the amino acid type and position in sequence].
In the past, we have employed differences in T 1F relaxation times in studying protein complexes with peptides. A T 1F -filtered NOESY experiment was used to obtain a transferred-NOE spectrum of a peptide bound to an antibody (35) . A 30 ms SL pulse applied after the first 90°pulse eliminated all the cross-peaks due to intramolecular interactions within the 50 kDa antibody Fab fragment, and only transferred NOE cross-peaks due to antibody-peptide interactions and interactions within the bound peptide were observed (35) . In another type of experiment, a combination of HOHAHA and ROESY spectra with long mixing period was used to map the epitope of a gp120 V3-loop peptide interacting with an HIV-1 neutralizing antibody (36) . Similarly, we mapped the exact segment of an AChR peptide interacting with R-BTX to the R W184-R D200 segment using NMR dynamic filtering techniques (32) . HOHAHA and ROESY spectra of the R-BTX-AChR peptide complex acquired with long mixing times highlighted the peptide residues that did not interact with the toxin and retained considerable mobility upon binding to R-BTX. In these two approaches, the duration of the spin-lock pulses and the mixing period in the HOHAHA and ROESY experiments were adjusted to obtain optimal discrimination between the protein and the peptide crosspeaks. However, there was no attempt to quantitatively characterize the T 1F relaxation times of the interacting molecules.
Here we present a simple homonuclear 2D method for measuring proton T 1F relaxation times based on the HO-HAHA experiment (37) . Using this method, we characterized for the first time changes in relaxation times of a snake neurotoxin upon binding of an AChR peptide. A decrease in the relaxation times and the mobility of residues involved in binding of the receptor R-subunit are exhibited, while residues implicated in binding the γ-and δ-subunits retain their mobility (33) . In addition, the quantitative T 1F measurements enable us to corroborate the mapping of boundaries of the AChR determinant strongly interacting with the toxin.
EXPERIMENTAL PROCEDURES
NMR Sample Preparation. R-BTX was purchased from Sigma and did not require further purification. The toxin was dissolved in a 90% H 2 O/10% D 2 O mixture and 0.05% NaN 3 and acidified with HCl to pH 4. The final concentration of the R-BTX in the NMR sample was 0.5 mM. The AChR peptide, EERGWKHWVYYTCCPDTPYLDITEE, corresponding to residues 182-202 of the R1 subunit of the Torpedo californica AChR and elongated with two glutamic acid residues at each terminus to increase solubility, was synthesized and purified as previously described (32) . The toxin-peptide complex was prepared and purified as described previously (32) . The purified and lyophilized complex was dissolved in a 90% H 2 O/10% D 2 O mixture and 0.05% NaN 3 and acidified with HCl to pH 4. The final concentration of the complex in the NMR sample was 2 mM.
NMR Spectroscopy. NMR spectra of R-BTX and its complex were acquired on a Bruker DRX 800 MHz spectrometer at 30°C. Measurements of the AChR peptide were carried out on a 500 MHz spectrometer. The experiment used for the 2D T 1F measurements was based on the HOHAHA pulse sequence (37, 38) and incorporated a SL pulse after the initial 90°pulse. The T 1F -filtered HOHAHA spectra were measured utilizing the following pulse sequence: 90 x°-SL y -evolution (t 1 )-(WALTZ)-acquisition (t 2 ). Measurements of free R-BTX and its complex with the AChR peptide were performed on an 800 MHz spectrometer. Isotropic mixing was realized using a WALTZ (39) pulse sequence with a short duration of 30 ms. The spectra were acquired using sensitivity enhancement and TPPI, and the water signal was suppressed by the WATERGATE pulse sequence (water suppression by gradient-tailored excitation) (40) .
A series of six experiments was measured with SL durations varying from 0 to 25 ms in 5 ms increments. The number of complex points acquired on the 500 MHz spectrometer were 2048 and 256 in the F 2 and F 1 dimensions, respectively, with spectral widths of 6000 Hz. The numbers of complex points acquired on the 800 MHz spectrometer were 8192 and 800 in the F 2 and F 1 dimensions, respectively, with spectral widths of 11,160 Hz. All spectra were processed and analyzed using NMRDraw and NMRPipe (41) . Unresolved peaks at frequencies close to that of the water required additional baseline correction using polynomial water subtraction in all experiments. Linear prediction in the F 1 dimension was also performed to increase resolution and improve the automated peak picking. Automated peak picking in these spectra was achieved using NMRPipe and in-house Perl scripts. Sequential assignment of the toxin and its peptide complex was performed according to common procedures (42) at 30°C.
Data Analysis. Proton T 1F values were determined by fitting the relaxation data to a single-exponential decay [I(t) ) I 0 exp(-t/T 1F )] using the modelXY package (41) . Error values to be included in the calculation were obtained from signal-to-noise ratios. The per residue change in the accessible surface of the peptide in the R-BTX-AChR peptide complex (PDB entry 1L4W) was calculated using the homology module of Insight II (Accelrys). The display of the R-BTX-AChR peptide structure with a radius proportional to the T 1F value was created using Molmol (43) .
RESULTS
Pulse Sequence. The proposed pulse sequence that measures T 1F values contains a SL pulse after the initial 90°pulse. During this SL pulse, the initial magnetization (M 0 ) is characterized by an exponential decay:
During the mixing period, further relaxation occurs, and the final relaxation is roughly proportional to
The mixing time (τ m ) in the set of experiments is constant, and as a result, the cross-peak intensity decays exponentially according to T 1F with an increase in t SL .
The proposed experiment, in which the spin-lock pulse is applied before the evolution period, is an extension to two dimensions of the conventional 1D experiment used to measure nonselective T 1F . The 2D experiment has the advantage in that it spreads the spectrum of the protein into two dimensions and allows measurements of T 1F values of individual protons in small unlabeled proteins. Other than the increased resolution, the proposed 2D method has the same advantages and drawbacks as the 1D experiment commonly used for nonselective T 1F measurements.
For long SL pulses, proton magnetization may not be characterized by a single-exponential decay because of scalar interactions and spin diffusion. Indeed, deviations from single-exponential decay were observed utilizing SL pulses of 100 and 200 ms. However, the initial relaxation rates measured using short SL pulses are good approximations of the true self-relaxation rates (44, 45) and are better characterized by a single-exponential decay (44, 45) . Therefore, short spinlock pulses of up to 25 ms were used herein to obtain T 1F relaxation times. In addition, a short isotropic mixing time of 25 ms was utilized to minimize signal decay due to magnetization transfer to protons more than three bonds apart. As a result, the T 1F -filtered HOHAHA spectrum displayed strong H N -H R cross-peaks and few long-range correlations. A section of the HOHAHA spectrum of free R-BTX used for the T 1F determination is displayed in Figure 1 .
The decay of the intensity of the H R (F 1 )-H N (F 2 ) crosspeaks which are above the diagonal is governed by the relaxation rate of H R protons, and the intensity of the H N -(F 1 )-H R (F 2 ) cross-peaks which are below the diagonal is governed by the relaxation rate of H N protons. (F 2 represents the acquisition dimension.) Since most H N (F 1 )-H R (F 2 ) crosspeaks are weakened by the water suppression scheme that dephases water magnetization prior to acquisition, thereby reducing the intensity of all resonances up to 1 ppm away from the water, we concentrated on measuring the decay of the symmetrical H R (F 1 )-H N (F 2 ) cross-peaks at the frequency governed by the T 1F relaxation rates of the H R protons. Spectral Processing. Well-resolved spectra are a prerequisite for the automated peak picking process. As a measure of precaution, the spectral resolution was further increased through processing using squared sine-bell window functions, zero filling, and linear prediction. Without these measures, automated peak picking is less accurate, leading in several cases to poor fits to the exponential decay. Signal apodization using a squared cosine-bell window function or a squared
cosine shifted by 45°did not result in any significant changes in the determined T 1F values.
T 1F Measurements. To calculate the T 1F values, the decay in cross-peak intensity as a function of the SL pulse was fitted to a monoexponential curve with minor deviations (Figure 2 ). The error in peak intensity was estimated to be approximately 4% based upon the noise in empty areas of the spectra. Most cross-peaks displayed very good fits to the exponential curve, and the estimated error in T 1F determination was 11% on average. Cross-peaks of the geminal protons of glycine residues typically gave rise to two similar T 1F values. The T 1F values of a few residues that did not give rise to cross-peaks in the spectra (i.e., proline residues and B I1 and R E180, the N-terminal residues of the toxin and peptide, respectively) or that were poorly resolved could not be determined. Poorly resolved residues include B T8, B T62, and B D63 in the complex as well as B S9, B D30, and B A31 in the unbound state.
For the vast majority of the protons, a single-exponential decay could be easily fitted to the relaxation curve. Deviation from single-exponential decay could occur in principle despite the short spin-lock pulse if spin diffusion occurs. We assessed the contribution of this possible effect to T 1F relaxation by repeating our experiment with the spin-lock and evolution blocks reversed (4) as follows: 90 x°-evolution (t 1 )-SL y -(WALTZ)-aquisition (t 2 ).
Since off-diagonal ROESY peaks appeared in this experiment solely for the nearest protons when a 25 ms spin-lock pulse was applied, we conclude that multispin effects are suppressed in our T 1F measurements, justifying our assumption of monoexponential behavior for the initial relaxation rates.
Determination of T 1F Values of H R Protons of Free R-BTX. The T 1F values of the H R protons of free R-BTX obtained on the 800 MHz are summarized in Figure 3A . The average T 1F values of H R protons in free R-BTX are 50 and 37 ms for all residues and for -strand residues, respectively. Two segments of the toxin exhibit unusually long H R T 1F relaxation times (g100 ms), namely, B S35 and B R36 located at the tip of the second finger, and B Q71-B G74 at the C-terminus. Moderately long T 1F relaxation times (g60 ms) are exhibited by residues at the tip of the first finger, at the tip of the second finger, and at the N-terminal strand of the third finger. These results are in agreement with previous model-freebased dynamics studies of a three-finger toxin that found that the tips of the three fingers as well as the N-terminal segment of the third finger exhibited low order parameters (46, 47) .
Determination of T 1F Values of H R Protons of R-BTX in Complex with the AChR Peptide.
The T 1F values of the H R protons of R-BTX in complex with the AChR peptide are summarized in Figure 3B . The average T 1F values for all residues and -strand residues are 35 and 28 ms, respectively. The decreases in average T 1F values in comparison to those obtained for free R-BTX are consistent with the 35% change in molecular weight occurring upon complex formation. Exceptionally large decreases in T 1F relaxation times are displayed by C-terminal residues B K70 (from 64 to 25 ms), B Q71 (from 129 to 54 ms), B R72 (from 150 to 51 ms), and B G74 (from 148 to 50 ms). The decreased mobility of most of the residues at the C-terminal segment in the R-BTXAChR peptide complex ( Figure 3C ) can be explained by the interactions of B H68, B P69, B K70, and B Q71 with the AChR peptide (33) . In addition to the C-terminal residues, B R36 and B K38 of the second finger exhibited a dramatic decrease in their T 1F relaxation time upon binding to the AChR peptide (from 100 to 31 ms for B R36 and from 50 to 18 ms for B -K38) (Figure 3) . A significant decrease in T 1F is experienced also by the H R proton of B C29 (from 50 to 23 ms) which together with B K38 extends the -hairpin of toxin finger II upon complex formation (48) . A significant decrease in T 1F is observed also for residues of the first toxin finger, B T6 (from 43 to 26 ms), B A7 (from 67 to 37 ms), and B I11 (from 31 to 21 ms), which were found to interact with the AChR peptide. The change in the exposed surface upon complex formation of the toxin presented in Figure 3D is correlated with the change in T 1F relaxation times ( Figure 3C ). The 2D T 1F experiment enabled us to determine the relaxation times of several amide protons using the symmetrical H N (F 1 )-H R (F 2 ) peaks when those were sufficiently distant from the FIGURE 1: T 1F -filtered HOHAHA spectrum of free R-BTX. The spectrum was measured on an 800 MHz spectrometer at 30°C with a spin-lock pulse applied after the initial 90°pulse. The duration of the spin-lock pulse was 25 ms. Notice the absence of the majority of the H N (F 2 )-H R (F 1 ) cross-peaks due to the water suppression scheme.
FIGURE 2: Single-exponential fit to the proton T 1F relaxation data. The single-exponential fit to the decay of cross-peak intensity for residues B Q71, B G19, B S34, and B V57 of unbound R-BTX is plotted as a function of the spin-lock duration. The spectra used for this analysis were recorded at 30°C on an 800 MHz spectrometer. Errors were estimated from signal-to-noise ratios in the spectra. Fitted exponential curves are shown.
water resonance to be unaffected by solvent suppression. These T 1F values were similar to those obtained for the H R protons of the corresponding residues.
Determination of T 1F Values of H R Protons of the Free and R-BTX-Bound AChR Peptide.
The T 1F profile of the AChR peptide in its free form is presented in Figure 4A . The peptide exhibits relatively long relaxation times with an average T 1F of 155 ms. Most of the peptide residues, excluding the C-terminal residue, display T 1F relaxation times of 90-160 ms. The C-terminal segment, R D200-R E204, exhibits gradually increasing T 1F values, ranging from 204 ms for R D200 to 352 ms for R E204. The low relaxation rates and therefore long relaxation times at the termini are typical of a small polymer and peptides with unrestrained termini (49, 50) .
The T 1F measurements of the AChR peptide in complex with R-BTX presented in Figure 4B confirm the previous R D195 and R T196 were found to form a -bulge in the complex with the toxin, and no interactions between them and the toxin could be detected, thus explaining the relatively high T 1F values observed for these two residues close to the center of the AChR determinant interacting with the toxin (33) . In general, the change in the exposed surface upon binding of the AChR peptide presented in Figure 4C is correlated with the change in T 1F times ( Figure 4A,B) .
T 1F Values of Glycine Residues. Glycine residues exhibit short T 1F values which differ considerably from those of their adjacent residues due to the strong dipole-dipole interactions between the geminal H R protons. Nevertheless, glycine T 1F values display the same correlation with the R-BTX structure. Thus, glycines B G19, B G37, and B G43, located in the structured regions of the complex, exhibit an average T 1F of 17 ms in the bound state. In contrast, toxin residue B G74 (50 ms) and peptide residue R G183 (34 ms) located at the termini of the toxin and peptide, respectively, have far longer T 1F values. We therefore conclude that a comparison between glycine residues at the different positions in the complex can be used to qualitatively evaluate the variation in their dynamics.
A Simplified Spectrum for T 1F Measurements of Mobile Residues Obtained Using a Long WALTZ Pulse Train.
In complexes of large proteins with peptide ligands, the overlap with the protein cross-peaks would hamper quantitative T 1F measurements of the flexible segments of the peptide that do not interact with the protein. Elimination of the protein cross-peaks as well as cross-peaks of the peptide residues strongly interacting with the protein could be achieved by increasing the duration of the WALTZ pulse trains. To demonstrate the feasibility of T 1F measurements of flexible domains in large protein and their complexes, we determined the T 1F relaxation times when the duration of the WALTZ pulse train is 100 and 200 ms and compared the results to those obtained when the duration of the WALTZ is 30 ms. No significant changes in the T 1F values were observed when a different duration of the WALTZ is used. However, a 200 ms WALTZ eliminated most of the background from R-BTX and highlighted the residues of the peptide that do not interact with the toxin and the mobile regions in the toxin itself ( Figure 5 ). Thus, long WALTZ trains can be used to simplify the spectra and enable more accurate epitope mapping and quantitative determination of T 1F in flexible domains possibly even for large proteins and their complexes.
Comparison of T 1F Values
Obtained by 1D Methods. To further validate the proposed method, we determined the T 1F values of five amide protons ( B K70, B K64, B K26, B C29, and R V188) as well as three H R protons ( B M27, B Y24, and B -C23) that are well-resolved in the 1D spectrum. The conventional 1D pulse sequence (90°x-SL y -180°x) was used for that purpose. These amide and H R T 1F values were compared to the T 1F values of the H R protons of the corresponding residues measured by the 2D pulse sequence. The 1D values deviate from their 2D counterparts by an average of (8%, which is within the experimental error. -strands is denoted in panel B with small squares, and the 45 ms threshold used to differentiate between the peptide residues interacting with the toxin and those that do not is drawn as a horizontal line. (C) Fractional decrease in the exposed surface for residues in the AChR peptide. Solid lines beneath the residue axis represent -sheet structure.
Comparison of T 1F Values Obtained by 2D Using Two
sensitive to exchange processes, for example, equilibrium between two conformations, occurring on the millisecond time scale (17, 51) . To check the reproducibility of the T 1F measurements and to rule out any significant exchange contribution to the measured relaxation rates, we repeated the T 1F measurements using a 5 kHz spin-lock power. Most importantly, the overall T 1F profile is very similar to that measured with a spin-lock of 8.3 kHz, suggesting that there is no significant contribution of exchange processes to the relaxation. The systematic increase of 10% in T 1F values is expected due to the smaller tilt angle of the rotating frame when a weaker SL pulse is applied (52) .
DISCUSSION
Comparison with Relaxation Studies of Other R-Neurotoxins. Three-finger toxins have been the focus of numerous studies. Interest in this family of toxins has been motivated mainly by their high-affinity binding to AChR. The dynamics of a few snake three-finger neurotoxins in their free form only were studied by NMR. The dynamics of the three-finger short snake neurotoxin toxin R (46) and the long neurotoxin LSIII (53) were studied in detail by NMR using natural abundance 13 C and by molecular dynamics. The dynamics of toxin R were studied also using 15 N-labeled protein (54) . The largest mobility, as reflected by the NMR order parameters and by molecular dynamics simulations, was found for residues at the tip of the second finger. Using model-free analysis, this region was characterized by largeamplitude motions on the pico-and nanosecond time scale (53) . The C-terminal segment was found to be rigid in the short neurotoxin toxin R and highly mobile in the long neurotoxin LSIII. The other regions that exhibited high flexibility were the tip of loop I and the N-terminal strand of loop III and the tip of this loop. This is in excellent agreement with the unusually long T 1F relaxation times (g100 ms) observed in this study for B S35 and B R36 at the tip of the second finger ( Figure 6 ) and for B Q71, B R72, and B G74 at the C-terminus. The higher than average T 1F relaxation times (g60 ms) observed for residues at the tip of the first finger and at the third finger are also in good agreement with the earlier dynamics studies.
Changes in Toxin Mobility upon Binding of the AChR Peptide. In the absence of a three-dimensional structure of the complexes of toxin R and LSIII with AChR or AChR peptides, mutational analysis was previously used to locate the segments of these toxins involved in binding. Correlation has been found between the toxins' segments implicated in binding and the flexibility observed by NMR. The NMR structure of the R-BTX complex with the AChR peptide, and the derived model for the R-BTX complex with the extracellular domain of the receptor, enable for the first time a comparison of the T 1F relaxation times of the free toxin to those of the bound toxin and a derivation of correlations between changes in relaxation times and interactions with AChR.
When the AChR peptide binds, the average T 1F of R-BTX in the -strands decreases from 37 to 28 ms (T 1F ratio of 1.32) mostly due to the increase in the molecular mass from ∼8 to ∼11.1 kDa. The T 1F ratios are comparable to the reciprocal of the molecular weight ratio (1.39). As reflected by the T 1F values in Figure 3 , several larger than average changes in the toxin relaxation times occur upon binding of the RAChR peptide. The major change occurs in residues (33) . The observed changes in T 1F probably reflect a significant change in mobility due to interactions with the AChR peptide. Residues located at the tip of toxin finger I play an important role in binding the AChR peptide. Once binding has occurred, the increases in the fraction of buried surface of residues B T6, B A7, and B -I11 are 23, 67, and 13%, respectively (33) . These residues were also shown to form multiple interactions with peptides and mimotopes of the major interacting determinant of the R-subunit of AChR (33, 48, (55) (56) (57) (58) . B R36 is one of the very few invariant residues in snake R-neurotoxins, and it was previously suggested to mimic acetylcholine in its interactions with AChR (33, 59, 60) . The decrease in the T 1F relaxation time of B R36 can be explained by its extensive interactions with R Y190 and R Y198 of the AChR peptide (33). B K38 was found to interact with R Y190 and R T191. Moreover, when the AChR peptide binds to R-BTX, the C-terminal -strand of the R-BTX second finger are elongated and the B K38-B V40 segment which is part of the elongatated -strand forms an intermolecular -sheet with the -hairpin formed by the AChR peptide. The formation of the intermolecular -sheet should contribute to the dramatic change in the relaxation properties of B K38. C-Terminal residues B H68-B Q71 interact strongly with the AChR peptide. Upon binding, residues B H68, B K70, and B Q71 experience an increase in the fraction of buried surface of 12, 36, and 41%, respectively (33) , in accord with the decrease in T 1F . The C-terminal segment was also found to form many interactions in structural studies of R-BTX complexes with AChR peptides and mimotopes (33, 48, (55) (56) (57) (58) 61) , and truncation of C-terminal residues B H68-B G74 leads to a 7-fold decrease in the apparent binding affinity for the receptor (60) .
Biological Role of Toxin Fingertip Dynamics. The NMR structure of R-BTX with the AChR peptide and the NMRderived model for the AChR complex with R-BTX revealed for the first time that the invariant B R36 occupies the binding site for acetylcholine (33) . This is contrary to suggestions that neurotoxins did not bind to the ACh binding site but rather sterically covered the entrance to the ligand binding pocket (53, 56) . The ACh binding sites are located in two deep pockets at the R-γ and R-δ subunit interfaces. The flexibility of B R36 along with that of the invariant glycine B G37 on the second fingertip is probably required for the penetration of the arginine side chain into this deep pocket and for an optimal fit. The flexibility of the C-terminal segment which encircles the AChR -hairpin formed by residues 184-200 may be required for optimal binding. Interestingly, five residues retained considerably long T 1F relaxation times in the bound toxin, indicative of considerable mobility ( Figures 3B and 6 ). These residues comprise B S34 and B S35 at the tip of second finger as well as B S50, B K51, and B Y54 at the N-terminal strand of the third finger. These residues were not found to interact with the AChR peptide and do not display exceptional changes in their relaxation times ( Figure 3C ). However, these five residues were predicted to interact with the γ-and δ-subunits in the NMRderived model of the heteropentameric AChR complex with R-BTX (33). The flexibility of the residues involved in AChR binding could be important for the optimal fit with the AChR of different species and for the penetration of the second finger into the cleft between the Rγ and Rδ subunits and the insertion of B R36 into the deep and partially concealed pocket that serves for acetylcholine binding.
Applications. Proton magnetic relaxation measurements do not enjoy widespread popularity, perhaps because current 1D methods suffer from poor resolution and are suitable for only short peptides. Herein, we present a simple 2D method for measuring T 1F relaxation times of protons in unlabeled proteins. The proposed experiment will facilitate the determination of the proton relaxation rates in unlabeled proteins.
Comparison of the results of the T 1F measurements with modelfree analysis and molecular dynamics studies of neurotoxins reveals a correlation between proton T 1F relaxation times that are considerably longer than the average T 1F of the other protein protons with large amplitude motion on the pico-to nanosecond time scale. Thus, proton T 1F measurements can be used to obtain qualitative information about segments of the proteins that are unstructured or have unusual flexibility. As such, T 1F measurements can be used to define the boundaries of epitopes within longer peptides that interact strongly with antibodies, receptors or other proteins.
